Abstract. Boundary elements interfere with communication between enhancers and promoters, but only when interposed. Understanding this activity will require identifying the proteins involved. The boundary element-associated factor BEAF is one protein that is implicated in boundary element function. Three genomic fragments (scs', BE76 and BE28) containing BEAF binding sites function as boundary elements in transgenic Drosophila, suggesting that this is an intrinsic property of the numerous genomic regions to which BEAF binds. To characterize additional proteins that interact with boundary elements, we have isolated a protein that binds to two of these boundary elements (BE76 and BE28) and have identified it as the transcription factor DREF. We present evidence that BEAF and DREF compete for binding to overlapping binding sites, and that this competition occurs in vivo. DREF is believed to regulate genes whose products are involved in DNA replication and cell proliferation, suggesting that the activation of transcription predicted to result from the displacement of BEAF by DREF might be limited to certain rapidly proliferating tissues. This is the first suggestion that the activity of a subset of boundary elements might be regulated.
Introduction
Mechanisms must exist to prevent promiscuous interactions between regulatory elements and promoters. One mechanism thought to be involved is the partitioning of chromosomes into functionally independent domains such that regulatory elements and promoters only interact if they are present in the same domain. This suggests that elements exist that define the boundaries of domains. Several elements have been characterized that have the activities anticipated for boundary elements. These elements block interactions between enhancers and promoters when interposed, presumably by separating the enhancers and promoters into adjacent domains. When they bracket a transgene, these elements appear to form an insulated transgene domain that is not subject to the variability in transgene expression levels normally observed after integration into diverse chromosomal positions. These activities require chromosomal integration, implying the involvement of chromatin structures or subnuclear localization that are absent from transiently transfected DNA. These elements include sequences that could form domain boundaries such as Drosophila scs and scs' (Udvardy et al. 1985; Schedl 1991, 1992) or the 5' HS4 from the chicken β-globin locus (Chung et al. 1993) , and sequences that might form localized boundaries within a domain such as Drosophila Fab-7 (Hagstrom et al. 1996; Mihaly et al. 1997) . The clustered su(Hw) binding sites present in the Drosophila gypsy retrotransposon also have this insulating property, although the relationship between the gypsy mobile element and chromosome domain boundaries is unclear (Geyer and Corces 1992) .
The gypsy element has been studied the most, and it is known that multiple binding sites for the su(Hw) protein are necessary for insulation. Mutant forms of the su(Hw) protein are defective in insulation, and mutant alleles of the apparent partner protein mod(mdg4) also affect insulation mediated by the gypsy element (reviewed in Geyer 1997 ). Yet despite extensive studies and the existence of mutations in these proteins, the mechanism responsible for insulation remains unknown.
The other protein implicated in insulation is the boundary element-associated factor (BEAF) that binds to scs' (Zhao et al. 1995) . BEAF consists of two related M r 32,000 proteins that are derived from the same gene (Hart et al. 1997) . Although no mutations in BEAF have been reported, point mutations in the BEAF binding site of an scs' subfragment have been shown to eliminate the insulating activity of this subfragment both in stably transformed Drosophila D1 cell lines and in transgenic flies (Zhao et al. 1995; Cuvier et al. 1998) . Furthermore, additional genomic BEAF binding sites have been isolated and the two tested in transgenic flies have the same insulating activity as scs' (Cuvier et al. 1998 ). This suggests that BEAF is involved in boundary activity at many, if not all, of the numerous genomic binding sites revealed by immunostaining of polytene chromosomes (Zhao et al. 1995 ). Yet, as for the gypsy element and the su(Hw) protein, the mechanism of insulation is unknown.
Using nuclear extracts, we found that at least one protein in addition to BEAF interacts with both the candidate boundary elements (BE76 and BE28) that were tested in flies (Cuvier et al. 1998 ). This protein was purified to facilitate evaluation of its relationship to BEAF and to boundary activity. We identify it as DREF, a previously reported putative transcriptional activator (Hirose et al. 1996) . We explore the potential relationship between BEAF and DREF and conclude that they do not directly interact with each other. However, our results suggest that there is an antagonistic interplay between DREF and BEAF at some genomic sites. Possible functional implications for the subset of boundary elements that could be affected by this antagonism are discussed.
Materials and methods

Cells, nuclei and nuclear extracts
Growth of the Drosophila tissue culture cell lines KC 161 and D1 and preparation of nuclei and nuclear extracts were as described (Zhao et al. 1995) .
Band shift assays
Band shift and DNase I footprinting assays were performed as previously described using empirically determined amounts of protein (Hart et al. 1997) . The BEAF and DREF proteins were affinity purified from Drosophila nuclear extracts, while the BEAF-32A and -32B proteins were affinity purified after being individually expressed in Escherichia coli. The interaction of affinity purified DREF with DNA was found to be more stable when the band shift gel buffer was 1×TAE; otherwise the buffer system used was 0.25×TBE.
Purification and identification of DREF
Nuclear extracts of KC cells were fractionated by size on a 120 ml Superdex-200 column (Pharmacia) in 25 mM TRIS-HCl, pH 7.6, 350 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol , 10% glycerol buffer. The protein subsequently identified as DREF (peak at M r 310,000) was partially resolved from BEAF (peak at M r 440,000) on this column. These sizes appear to reflect self-association since no other proteins were observed to co-purify on DNA affinity columns. DREF was purified using DNA affinity chromatography (Kadonaga 1991) as previously described for BEAF (Zhao et al. 1995) using the concatenated 41 bp 76A oligonucleotide (5'-GATCTGCGATATTT ATCGATAGTCTCGGTGAGCTGTGCACG, with 5'-GATC overhangs when double-stranded) and substituting NaCl for KCl in the buffers. Although BEAF did not bind to this oligonucleotide as a monomer, it did bind to dimers and variable amounts purified on the affinity resin. However, peak DREF activity eluted at 400 mM NaCl while peak BEAF activity eluted at 500 mM. It was possible to purify DREF in the absence of BEAF either by immunodepletion of BEAF from KC nuclear extracts or by starting with cytoplasmic extracts derived from 0-2 h preblastoderm embryos (Becker and Wu 1992) , which were found to contain DREF but to be nearly devoid of BEAF. Furthermore, DREF did not bind to the scs'-derived affinity resin originally used to purify BEAF. Taken together, these observations suggest that BEAF and DREF do not directly interact with each other.
Four micrograms of the affinity purified M r 80,000 protein (from 8 l culture) was excised from an SDS-polyacrylamide gel and was sent to Drs. D. Hess and J. Hofsteenge at the Friedrich Miescher Institute in Basel where tryptic peptides were isolated and sequenced by Edman degradation and sized by mass spectrometry. Computer analysis revealed that all five sequences obtained were present in the previously described protein DREF (Hirose et al. 1996) .
Polymerase chain reaction (PCR)-mediated cloning of a DREF cDNA
Polyadenylated RNA was isolated from KC cells using the PolyATtract kit from Promega. A cDNA encoding DREF was amplified from this using reversed transcribed (RT)-PCR with primers based on the published sequence of DREF (5' primer: 5'-GA-CTCATATGAGCGAAGGGGTACCA; 3' primer: 5'-TATAGGAT CCAGACTAATTGTTGTGATGA). The cDNA was cloned into pET3b and pET15b as an NdeI-BamHI restriction fragment to allow protein expression in E. coli (Studier et al. 1990 ).
Generation and purification of anti-DREF antibodies
Bacterially expressed DREF was present in inclusion bodies and was solubilized in 8 M urea. DREF was then separated by electrophoresis on a 7.5-15% SDS-polyacrylamide gel and eluted into 25 mM (NH 4 ) 2 CO 3 , 0.001% SDS. After lyophilization and resuspending in PBS, an aliquot of the protein was mixed with complete adjuvant and four mice were injected with 50 µg each. The mice were boosted with 50 µg of the protein in incomplete adjuvant after 2, 5 and 8 weeks, and blood was collected 10 days after the third and fourth injections. Antibodies were affinity purified according to Adachi and Laemmli (1992) . Immunoblot analyses indicated that all affinity purified mouse anti-DREF antibodies were specific for DREF. All experiments presented here were performed with the antibody used in Fig. 4 .
Immunostaining
D1 cells cultured on coverslips were fixed in PBS, 3.7% formaldehyde for 10 min at room temperature, washed briefly with PBS, permeabilized in PBS, 0.5% Triton X100 for 8 min at room temperature, briefly washed with PBS, and immunostained with essentially the same method as used for polytene chromosomes. Fixation and staining of embryos was essentially as described by Karch et al. (1990) . Polytene chromosome squashes were prepared from salivary glands of late third instar larvae and immunostained as previously described for BEAF (Zhao et al. 1995) . As the primary antibody, affinity purified mouse anti-DREF antibodies were used at 1:20 dilution and affinity purified rabbit anti-BEAF antibodies were used at 1:50 to 1:100 dilution. Texas Red-or fluorescein isothiocyanate -conjugated goat anti-mouse or goat anti-rabbit secondary antibodies were used at 1:100 dilution. Where appropriate, DNA was stained with 100 ng/ml propidium iodide after RNase A treatment. Coverslips were mounted with 6 µl of antifading mix (78% glycerol, 1 mg/ml p-phenylene diamine in PBS) and sealed with nail polish. Slides were viewed and photographed through a Biorad MRC 600 confocal or Zeiss Axiophot microscope.
In vivo formaldehyde protein-DNA cross-linking and analysis after immunoprecipitation and DNA amplification
All procedures were essentially as described in Zhao et al. (1995) . Aliquots (30 µg) of the CsCl-purified fixed chromatin (average size 0.5 kb) in 300 µl were immunoprecipitated by adding either 20 µl of affinity purified mouse anti-DREF antibody or 10 µl of affinity purified rabbit anti-BEAF antibody and rotating at 4°C overnight, followed by a 3 h incubation at 4°C with 20 µl of protein ASepharose beads. As a negative control, a similar reaction was set up with 10 µg rabbit anti-mouse IgG antibodies. The DNA eluted from the beads was estimated to be approximately 1 ng, and was amplified by ligation-mediated PCR (LM-PCR; Mueller and Wold 1989) as previously described (Zhao et al. 1995) . The PCR products were inspected on an agarose gel and analyzed by slot blotting with total genomic DNA as a standard. The probes, labeled by random priming, were a 500 bp EcoRI-BamHI scs' fragment (Farkas and Udvardy 1992) ; a 1 kb PvuII scs fragment (Farkas and Udvardy 1992 ); a 245 bp BE76 fragment (Cuvier et al. 1998 ); a 1.7 kb actin 5C promoter fragment (Krasnow et al. 1989) ; and a 500 bp PCR product of the DNA polymerase α promoter encompassing three DREF binding sites (Hirose et al. 1993) .
Results
The Drosophila boundary element-associated factor BEAF binds with high affinity to the scs' boundary element as well as to numerous other loci as visualized by immunostaining of polytene chromosomes (Zhao et al. 1995) . These other loci represent candidate BEs (boundary elements); we previously reported the cloning and characterization of new genomic BEAF binding sites to address the general involvement of BEAF in boundary activity (Cuvier et al. 1998) . In support of such a general role, the two candidate BEs tested in transgenic flies were found to insulate a mini-white transgene from position effects at least as well as does scs'. Interestingly, nuclear extracts have at least one binding activity in addition to BEAF that binds to both of these BEs (BE76 and BE28). This is evident from band shift experiments using BE76 and two subfragments. The band shifts observed using nuclear extract proteins (Fig. 1 , lane 12) are clearly different from those observed with affinity purified Drosophila BEAF or bacterially expressed BEAF-32A (Fig.  1, lanes 10, 11) . Furthermore, when the two CGATA clusters present in BE76 are separated by restriction digestion, neither subfragment is shifted by BEAF or 32A (Fig. 1 , lanes 2, 3, 6, 7) while both are shifted by proteins in nuclear extracts (Fig. 1, lanes 4, 8) . BEAF protects both CGATA clusters of BE76 from digestion by DNase I (Cuvier et al. 1998) , and apparently requires both clusters together for efficient binding. The new activity also protects CGATA motifs (data not shown, but see below) but can bind the individual clusters present in the BE76 subfragments. To gain insight into the relationship between this binding activity, BEAF, and boundary activity, we decided to purify this protein.
A protein of about M r 80,000 was purified by DNA affinity chromatography using a 41 bp oligonucleotide based on the BE76A subfragment CGATA cluster ( Fig. 2A) . BEAF does not bind to the monomeric 76A oligonucleotide, but can bind to dimers and higher level oligomers. Because the 76A oligonucleotide on the DNA affinity resin was concatenated, variable amounts of BEAF protein co-purify with the new protein on this DNA column. However, this protein does not co-purify with BEAF on the scs'-derived DNA affinity column originally used to purify the M r 32,000 BEAF proteins (Zhao et al. 1995) . This purified protein has the same binding characteristics as the new activity observed in nuclear extracts, shifting the BE76 probe to two positions that bracket the position obtained with BEAF (Fig. 2B) . Neither shifted band is supershifted by anti-BEAF antibodies, while the single shifted band observed with purified BEAF protein is supershifted. Consistent with the bandshift results obtained with the two subfragments of BE76 (Fig. 1) , changing the concentration of the purified protein changes the ratio of the two shifted bands to each other in such a way as to suggest that the shifted bands represent occupancy of one or both of two binding sites in BE76 (Fig. 2C) . The sequences of five tryptic peptides were obtained and found to correspond to sequences present in the M r 80,000 putative transcription factor DREF (Hirose et al. 1996) . DREF is implicat-377 Fig. 1 . The boundary element-associated factor (BEAF) and another protein present in nuclear extracts bind to BE76. BE76 is located about 500 bp upstream of the inosine monophosphate dehydrogenase (IMPDH) gene at the raspberry locus, and contains two clusters of CGATA motifs (positions and orientations represented by arrows) on an EcoRI fragment. These two clusters can be separated from each other by restriction digestion with HgiAI into the 76A and 76B subfragments. ClaI sites are found where two divergent motifs overlap to form the octameric sequence TATCGATA. Affinity purified BEAF from nuclear extracts (Dm lanes) and bacterially expressed BEAF-32A (32A lanes) can bind to the BE76 fragment (lanes 10, 11), but not to the 76A or 76B subfragments (lanes 2, 3, 6, 7) . Proteins present in Drosophila nuclear extracts (NE lanes) interact with both the 76A and 76B subfragments as well as with BE76 (lanes 4, 8, 12) . The 76A oligonucleotide used for affinity purification of DNA binding proteins is indicated by the bar below the map of BE76 ed in the transcriptional activation of genes, some of which are involved in DNA replication and cell proliferation, through interactions with an 8 bp binding site called the DRE (Hirose et al. 1993; Ryu et al. 1997 ). This site is composed of two divergent CGATA motifs that overlap at the CG residues (TATCGATA); because it contains the recognition sequence for the restriction enzyme ClaI we refer to this as an extended ClaI site. There are two extended ClaI sites in both BE76 (Fig. 1) and BE28 (Cuvier et al. 1998) .
BEAF recognizes CGATA motifs present in clusters, requiring at least three non-overlapping motifs, although the restrictions on relative spacings and orientations are unknown. DREF recognizes the same motif present in extended ClaI sites. Therefore it seemed likely that these proteins would bind in a mutually exclusive manner to BE76 or the dimerized 76A oligonucleotide used to purify DREF. This was tested using the dimerized oligonucleotide by increasing the concentration of one protein while keeping the concentration of the other constant. As BEAF is added to a binding reaction mixture that has a concentration of DREF that results in two shifted bands, the free probe is shifted by BEAF and the lower DREF shifted band is displaced to the BEAF shifted band (Fig. 3, lanes 3-6) . The upper DREF shifted band was not affected at these BEAF concentrations, and there is no formation of a new, higher shifted band that might contain both BEAF and DREF (compare lanes 6 and 7). In the converse experiment, DREF first shifts the free probe and then appears to displace BEAF to result in the upper DREF shifted band (Fig. 3, lanes 9-12) . Thus, at these protein concentrations it appears that BEAF and DREF bind to these sequences in a mutually exclusive manner rather than forming a complex containing both proteins. Similar results were obtained using BE76 (data not shown).
To investigate the potential antagonistic relationship between BEAF and DREF at certain binding sites, we raised mouse polyclonal antibodies against full-length, bacterially expressed DREF. These antibodies could be used in conjunction with the rabbit antibodies we previously raised against BEAF (Zhao et al. 1995) . All antibodies were affinity purified using the appropriate purified, bacterially expressed protein. The purified mouse anti-DREF antibodies gave a single major signal of the correct molecular weight on immunoblots of extracts Lane 1 KC nuclear extract (0.1% of this preparation). Lane 2 pooled fractions containing peak binding activity after Superdex 200 chromatography (0.3%). Lane 3 protein profile of the fraction containing peak binding activity after DNA affinity purification (6%). Lane M molecular weight markers. The amount of BEAF (dots) that co-purified with the major protein (arrow) was variable from preparation to preparation, and it was sometimes not detectable. B Band shift analysis of the BE76 probe using affinity purified proteins. Lanes 2 and 4 contain the new protein, DREF (in the absence of detectable BEAF; approximately 250 pM). Lanes 3 and 5 contain BEAF (approximately 120 pM). Lanes 4 and 5 additionally contain chicken anti-BEAF antibodies. C Band shift of the BE76 probe in the presence of increasing amounts of DREF (approximately 125 pM, 250 pM and 500 pM), indicating the presence of two binding sites prepared from KC cell nuclei (Fig. 4A) , embryos, larvae, pupae and adults. Furthermore, in band shift experiments the purified mouse antibodies supershifted the complex formed between DREF and the 76A oligonucleotide while the purified rabbit anti-BEAF antibodies had no effect (Fig. 4B) . We conclude that these antibodies are suitable for the specific detection of DREF.
We proceeded to use the mouse anti-DREF and rabbit anti-BEAF antibodies to visualize the distribution of these proteins by immunofluorescence. Both proteins gave ubiquitous, strong nuclear signals in cultured Drosophila D1 cells during interphase, but DREF dissociated from chromatin during metaphase (Fig. 5A, B) whereas BEAF remained chromatin associated (Fig. 5C,  D) . We next examined the distribution of these proteins in embryos. We found that both BEAF and DREF are ubiquitous nuclear proteins during all stages of embryogenesis. Because DREF is thought to regulate genes whose products are important for cell proliferation, we reasoned that the ratio of DREF to BEAF might be elevated in certain embryonic tissues. However, in double staining experiments we failed to observe any developmental stages or tissues of embryos that were obviously enriched for one or the other protein ( Fig. 5E-H) . If BEAF and DREF compete for binding to certain sites such as BE76, the outcome of this competition must be determined by factors other than the nuclear concentration of these two proteins. Such factors could be the presence or absence of accessory proteins, post-translational modifications or chromatin structures. Based on the association of BEAF with metaphase chromosomes and the proposed role of DREF in regulating genes important for cell proliferation, the influence of these factors might vary at different points in the cell cycle.
To determine how widespread competition between BEAF and DREF might be, polytene chromosomes from third instar larvae were stained for both proteins to observe the distribution of their specific binding sites (Fig. 5I-K) . Both BEAF and DREF localized to several hundred sites, and many of these sites gave strong signals for only BEAF (green) or DREF (red). In some cases the signals from the two proteins were closely juxtaposed. We estimate that the signals overlapped (yellow) at 50% or more of the sites for either protein, although the ratios of the signals for the two proteins were variable. In these cases, it is not possible to determine whether the two proteins were merely close enough on A Immunoblot analysis of Drosophila nuclear extract proteins separated by 7.5%-15% SDS-polyacrylamide gel electrophoresis, probed with affinity purified mouse anti-DREF antibodies. The alkaline phosphatase-conjugated goat anti-mouse IgG secondary antibody was detected with a colorimetric assay. B Band shift analysis of the complex formed with purified DREF protein and the 76A oligonucleotide (lane 2) in the presence of antibodies. Affinity purified mouse anti-DREF antibodies supershift the complex (increasing amounts in lanes 3-5), while affinity purified rabbit anti-BEAF antibodies have no effect (lane 6). Lane 1 no protein the chromatin fiber that their fluorescent signals merged, whether they had juxtaposed binding sites, or whether some copies of the polytene chromosomes had one protein and other copies had the other protein bound at the same site. From this co-localization and the similarity in binding recognition sequences, we infer that binding competition could be occurring at a significant number of the binding sites for either protein. In addition, it cannot be excluded that binding competition occurs under certain circumstances even at sites that immunostained for only one protein. In summary, BEAF and DREF are ubiquitous nuclear proteins that do not have differential expression domains during embryonic development. Both proteins interact with many discrete sites on polytene chromosomes, and there is a significant subset of sites where the proteins could be competing for binding.
To explore further the potential relationship between DREF and BEAF, we immunoprecipitated in vivo formaldehyde cross-linked chromatin with either anti-DREF or anti-BEAF antibodies and determined whether certain DNA sequences were co-precipitated (Fig. 6) . As a negative control, a parallel immunoprecipitation was performed with rabbit anti-mouse IgG antibodies. The immunoprecipitated DNA was subsequently amplified by LM-PCR and analyzed by slot blotting. As expected, neither actin 5C promoter sequences nor scs were enriched by anti-DREF or anti-BEAF antibodies relative to the negative control immunoprecipitation. We previously used this assay to demonstrate that BEAF binds to scs' in vivo (Zhao et al. 1995) ; as a positive control we confirmed that result here, finding a 38-fold enrichment of scs' sequences in the anti-BEAF immunoprecipitation. The slight enrichment of scs' sequences in the anti-DREF immunoprecipitation (3.9-fold) may indicate a weak association with DREF. The low affinity BEAF binding site of scs' has a sequence with a 1 bp mismatch from the 8 bp DREF binding site. As a positive control for the anti-DREF immunoprecipitation we used the promoter region of the gene for the M r 180,000 subunit of DNA polymerase α. This region has three DREF bind- shows DREF is a nuclear protein that is released from mitotic chromosomes. C, D Double staining of D1 cells for BEAF (green) and DNA (red) shows BEAF is a nuclear protein that remains on mitotic chromosomes. E-H Double staining of embryos for DREF (red) and BEAF (green; regions of overlap appear yellow)
shows that both are ubiquitous nuclear proteins in early blastoderm, late blastoderm, extended germ band and retracted germ band embryos. Anterior is to the left. I-K Double staining of third instar salivary gland polytene chromosomes for DREF (red) and BEAF (green; regions of overlap appear yellow) shows that both proteins associate with numerous loci, and both proteins co-localize to a significant subset of these sites ing sites, at least one of which activates transcription in transient expression assays (Hirose et al. 1993 ), and we found that these sequences were enriched 32-fold in the anti-DREF immunoprecipitation. Interestingly, these sequences were also enriched in the anti-BEAF immunoprecipitation although to a lesser extent (20-fold). Inspection of the sequence suggests that the BEAF binding site is likely to encompass the two promoter-proximal DREF binding sites, although the further-removed third DREF binding site could also be included. Finally, we found that BE76 was enriched in both the anti-BEAF (43-fold) and the anti-DREF (29-fold) immunoprecipitations. This indicates that the binding competition we observed in vitro has in vivo relevance.
The main conclusion of this experiment is that some sequences are bound by both BEAF and DREF in vivo. This includes a previously unknown interaction of BEAF with the promoter region of a gene for a DNA polymerase α subunit. Only one CGATA motif in this region is not part of a DREF binding site, so competition for binding is likely to occur here as it does at BE76. Such competition could regulate boundary and enhancer activities (Fig. 7) .
Discussion
Three genomic BEAF binding sites have been shown to act as boundary elements in transgenic flies. We have purified a protein based on its ability to bind to two of these sequences in vitro (BE76 and BE28). The octameric binding site for this protein, DREF, contains the CGATA motif that is important for binding by BEAF. Presumably only one of the two overlapping, divergent CGATA motifs in a DREF binding site is available for binding by BEAF since the G residue in the overlap is essential for BEAF binding (Zhao et al. 1995) . Although the constraints on spacing and orientation are unknown, BEAF requires localized clusters of at least three CGATA motifs (Cuvier et al. 1998) . Thus BEAF could bind to DREF binding sites if additional CGATA motifs are nearby. Both BE76 and BE28 have two DREF binding sites in regions containing additional CGATA motifs. Our results indicate that BEAF and DREF do not form a complex with each other. Rather, as suggested by the similarity in their binding sequence specificity, they compete for binding to overlapping sites. Therefore DREF is not likely to contribute to boundary activity, but to antagonize it.
Our results indicate that competition between BEAF and DREF for overlapping binding sites occurs in vivo. We have focused our analysis on BE76 because it is known to be located a few hundred base pairs upstream of a gene, the inosine monophosphate dehydrogenase (IMPDH) gene of the raspberry locus (Nash et al. 1994; Cuvier et al. 1998) . Immunoprecipitation of in vivo cross-linked chromatin demonstrates that both BEAF and DREF bind BE76 in cultured Drosophila KC cells, suggesting that competition for their overlapping binding sites takes place at this locus. Both proteins also interact with the promoter region of the gene encoding the M r 180,000 subunit of DNA polymerase α. Although we have not determined what sequences in this region constitute the BEAF binding site, it is possible that competition for binding also occurs here. BEAF and DREF colocalize to a subset of loci on polytene chromosomes, suggesting either closely juxtaposed binding sites or occupancy of the same sequences by both proteins on different copies of the chromosomes. Given the similarity in their binding sequence specificity, competition could be occurring at many of these loci.
The association of BEAF with mitotic chromosomes (Fig. 5A, B ) raises the question of its role in mitosis. BEAF was originally identified because sequences containing binding sites for it have boundary element activity, and this activity is lost when point mutations are introduced that eliminate binding by BEAF (Zhao et al. 1995; Cuvier et al. 1998 ). This indicates that BEAF activity is manifested during interphase, the time when transcription is occurring. Competition between BEAF and DREF presumably also occurs during interphase, since DREF affects transcription (Hirose et al. 1993; Yamaguchi et al. 1995; Ryu et al. 1997 ) and is not associated with mitotic chromosomes (Fig. 5C, D) . Mitotically bound BEAF could be important for re-establishing domain boundaries at the end of mitosis, or BEAF could play an additional, structural role during chromosome condensation.
A model of how the competition between BEAF and DREF might function in vivo is shown in Fig. 7 . Binding by BEAF should prevent inadvertent activation of associated genes by insulating them from nearby regulatory elements, including overlapping DREF binding sites. Under appropriate conditions, DREF would displace BEAF. This would allow interactions to occur between regulatory elements and promoters that otherwise would be separated by (or contained within) a boundary element. Quantitative immunoblot analyses indicated that there is more BEAF than DREF both in cultured cells and throughout Drosophila development, with the mass of BEAF varying from 1.5 to 3 times that of DREF (data not shown). Therefore the displacement of BEAF by DREF apparently does not occur by altering this ratio. This displacement might be accomplished through mechanisms such as the activation or synthesis of an accessory protein, protein modifications such as phosphorylation, or modification of chromatin structures. Based on the purported role of DREF in regulating genes important for cell proliferation (Hirose et al. 1993; Ryu et al. 1997) , we propose that DREF should successfully displace BEAF only in certain rapidly proliferating cells. Given the differential displacement of these proteins during mitosis, successful competition by DREF is likely to be limited to specific parts of the cell cycle. The dynamic regulation of a subset of boundary elements in this manner might play an important role in the development of certain tissues.
In accordance with the above model, we attribute the boundary activity of BE76 in transgenic flies to interactions with BEAF (Cuvier et al. 1998) . Similarly, DREFmediated transcriptional activation might be expected in transient expression experiments. This is because sequences containing BEAF binding sites do not have boundary activity in cultured cells unless the transgene construct is chromosomally integrated (Zhao et al. 1995) , indicating BEAF cannot productively interact with transfected plasmids. Many short genomic sequences encompassing DREF binding sites activate transcription both in transgenic flies and in transient expression experiments (Hirose et al. 1993; Yamaguchi et al. 1995; Ryu et al. 1997) . However, at least one region encompassing a DREF binding site was found to lack activation activity (Hirose et al. 1993) . This indicates that adjacent or overlapping sequences either play a positive role in the activity of some DREF binding sites or sometimes have binding sites for interfering binding activities. BE76 neither stimulated transcription nor interacted with upstream heat shock or ecdysone response elements in transient expression experiments (Cuvier et al. 1998) , suggesting that BE76 is in the class of DREF binding sites that do not activate transcription. The binding of DREF to BE76 in the raspberry locus could eliminate boundary activity without directly activating transcription, and this could allow regulatory elements located further upstream to interact with the IMPDH promoter.
Two divergent transcripts initiate in scs'. The transcript of the aurora gene, which encodes a protein involved in centrosome separation during mitosis, initiates in the hsp70-distal end of scs', while a transcript of unknown function initiates in the hsp70-proximal end (Glover et al. 1995) . Although regulation of these two transcripts and the effect of their activation on the boundary activity of scs' has not been studied, this could be another case of a dynamic boundary element. These two adjacent promoters might be inactivated by incorporation into the scs' special chromatin structure, in which case both promoters would be shielded from the adjacent heat shock locus and require displacement of BEAF to become activated. Alternatively, these two promoters might be accessible to RNA polymerase but be separated from each other by the scs' boundary element. In this case only the aurora promoter would be insulated from the adjacent heat shock locus. Activation of either promoter might require displacement of BEAF from scs'. The interaction of DREF with scs' is modest (Fig. 6) and it is not known whether DREF regulates either transcriptional unit, so the displacement mechanism might be independent of DREF. This idea is consistent with the results presented here indicating that at least some boundary elements are dynamic, rather than being constitutively bound by BEAF. It will be of interest to determine whether dynamic regulation of boundary activity is a common occurrence.
